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The classical three-signal model of amphibian mesoderm induction and more recent modifications together propose that an
activin-like signaling activity is uniformly distributed across the vegetal half of the Xenopus blastula and that this activity
contributes to mesoderm induction. In support of this, we have previously shown that the activin-response element (DE)
of the goosecoid promoter is uniformly activated across the vegetal half of midgastrula-stage embryos. Here, we further
examine the nature of this activity by measuring DE activation by endogenous signals over time. We find that the
spatiotemporal pattern of DE activation is much more dynamic than was previously appreciated and also conclude that
DE(6X)Luc activity reflects endogenous nodal signaling in the embryo. Using both the DE(6X)Luc construct and endogenous
Xbra and Xgsc expression as read-outs for nodal activity, and the cleavage-mutant version of Xnr2 (CmXnr2) to regionally
suppress endogenous nodal activity, we demonstrate that nodal signals act cell-autonomously in Xenopus gastrulae.
Nodal-expressing cells are unable to rescue either reporter gene activation or target gene expression in distant nodal-
deficient cells, suggesting that nodals function at short range in this context. Finally, we show that DE activation by
endogenous signals occurs in the absence of dorsal -catenin-mediated signaling, but that the timing of dorsal
initiation is altered. We conclude that nodal signals in Xenopus gastrulae function cell autonomously at short ranges
and that the spatiotemporal pattern of this signaling along the dorsoventral axis is regulated by maternal Wnt-like
signaling. © 2003 Elsevier Science (USA)
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Germ layer specification is one of the first inductive
events that occurs in development. Prospective endoderm
induces the overlying ectoderm to become mesoderm, thus
establishing the three primary germ layers that ultimately
give rise to all tissue types in the adult (Nieuwkoop, 1969).
Amphibian explant experiments further revealed that dor-
sal endoderm induces dorsal mesoderm (i.e., notochord,
muscle) and ventral endoderm induces ventral mesoderm
(i.e., blood), and these events are thought to be mediated by
a secreted, soluble signal (Grunz and Tacke, 1986) that is
maternally present in the oocyte (Jones and Woodland,
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All rights reserved.1987). These and other data have led to the acceptance of a
simplified model of amphibian mesoderm induction. In this
model, a uniformly distributed endodermal signal instructs
the overlying tissue to become ventral mesoderm, while a
second dorsal endodermal signal modifies the first signal to
induce the dorsal organizer. A third signal then emanates
from the organizer to further pattern the mesoderm and
overlying ectoderm. Members of the Wnt-signaling path-
way comprise the “dorsal” signal and a variety of secreted
factors from Spemann’s organizer contribute to the third
signal. The identity of the first mesoderm-inducing signal,
however, has been somewhat more elusive. Activin (Smith
et al., 1990), Vg1 (Thomsen and Melton, 1993), and FGF
(Amaya et al., 1993; Cornell and Kimelman, 1994) have all
been implicated in mesoderm induction, but the degree to
which they are each required remains to be established.
More recently, the nodal family of growth factors has
emerged as the likely endogenous factor required in both
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endoderm and mesoderm formation. The nodals are mem-
bers of the TGF--signaling family and are required for
mesoderm formation and patterning in mouse, zebrafish,
and Xenopus (Zhou et al., 1993; Conlon et al., 1994;
Feldman et al., 1998; Osada et al., 1999). Ectopic expression
of Xnrs induces amphibian ectoderm to become a range of
mesodermal tissues in a dose-dependent fashion (Jones et
al., 1995; Agius et al., 2000). However, Xnr mRNA tran-
scripts are undetectable in developing Xenopus until zy-
gotic transcription begins, posing a contradiction to the
long held belief that a secreted mesoderm-inducing signal
in the amphibian embryo is maternally deposited. Two
lines of evidence have resolved this apparent contradiction.
First, using classical Nieuwkoop animal–vegetal recombi-
nants, it was demonstrated that the endoderm does not
release a signal to induce mesoderm until after the midblas-
tula stage, when zygotic transcription begins (Wylie et al.,
1996). Second, VegT, a T-box family transcription factor, is
present in the oocyte maternally, is vegetally localized, and
is an essential regulator of Xnr expression (Zhang et al.,
1998; Kofron et al., 1999). Taken together, these data
distinguish the nodals as essential mediators of mesend-
oderm induction.
It has been thought for some time that an endogenous
mesoderm-inducing factor in embryos could function as a
long-range signaling molecule. First, this model is consis-
tent with classical experiments by Nieuwkoop and others
in which a signal from the vegetal pole induced the overly-
ing ectoderm to become mesoderm. A diffusible signal
originating in the vegetal pole could act over a long range to
induce mesoderm in the presumptive ectodermal region.
Second, several candidate mesoderm-inducing secreted
molecules, including the nodals, are able to induce in a
dose-dependent fashion a range of ventral to dorsal meso-
dermal markers. This suggests that a mesoderm-inducing
signal might exist dorsally in the mesendoderm and diffuse
ventrally, so that dorsal mesoderm is determined where
signal is high, ventral mesoderm where signal is low, with
intermediate mesoderm being specified in between. This
ability to induce a dorsoventral range of mesodermal tissues
in animal caps has been a common feature of several
candidate mesoderm-inducing factors and has become a
standard criterion in the search for such molecules. The
nodals meet this criterion and are required in vivo for
mesoderm formation (Jones et al., 1995; Agius et al., 2000;
Zhou et al., 1993; Conlon et al., 1994; Feldman et al., 1998;
Osada et al., 1999). In addition, the nodals induce meso-
derm in Nieuwkoop recombinant experiments. Either re-
moval of maternal VegT or vegetal injection of Cer-S, a
secreted nodal-specific inhibitor, suppresses the ability of
vegetal explants to induce mesoderm in conjugated animal
caps (Kofron et al., 1999; Agius et al., 2000). However,
injection of Xnr1 mRNA into VegT-depleted vegetal ex-
plants restores mesoderm induction. Thus, the nodals are
required and sufficient to generate mesoderm and appear to
be prime candidates for an endogenous mesoderm-inducing
factor.
Identification of the nodals as primary factors involved in
the specification of endoderm and mesoderm has fueled
efforts to characterize their mode of action. As previous
candidates ectopically induce a range of dorsal to ventral
markers in a dose-dependent fashion, it has been thought
that the endogenous mesoderm-inducing cue may function
as a morphogen. Indeed, in both zebrafish and Xenopus,
ectopic nodal induces ventral and posterior mesodermal
markers at lower doses and progressively more dorsal and
anterior markers at higher dosage (Jones et al., 1995; Agius
et al., 2000; Gritsman et al., 2000; Chen and Schier, 2001).
Overexpression of Xnr1 mRNA in Xenopus animal pole
cells nonautonomously induced Xbra expression in cells
that were a few cell diameters away (Niederlander et al.,
2001). Moreover, normal nodal target gene expression is
induced nonautonomously in both zebrafish organizer tis-
sue (Gritsman et al., 2000) and mouse lateral plate meso-
derm (Meno et al., 2001) by nearby nodal-expressing cells.
Most recently, zebrafish and mouse models mutant for
extracellular regulators of nodal signaling have shown that,
in the absence of these endogenous factors, nodal activity
acts directly on target gene expression over a distance (Chen
and Schier, 2001; Meno et al., 2001).
Despite the fact that nodals can function in a cell-
nonautonomous fashion, there is no evidence to date that
they function as long-range signaling molecules in the
context of a wild-type system. Target gene expression in
wild-type contexts is induced in cells that are at most a few
cell diameters from nodal-expressing cells (Gritsman et al.,
2000; Meno et al., 2001), consistent with the thought that
the nodals normally function as short-range signaling mol-
ecules. The case for nodal short-range compared with long-
range function is supported by several lines of evidence.
First, the activity of the transcription factor, VegT, required
for nodal expression and endogenous phosphorylation of
Smad2 at gastrula stages (Lee et al., 2001), is uniformly
distributed throughout the vegetal pole of Xenopus em-
bryos. The maternal form of VegT protein is present
throughout presumptive endoderm, and the zygotic form
throughout the presumptive mesoderm (Stennard et al.,
1999). Thus, all vegetal cells are potentially capable of
inducing nodals locally, perhaps cell-autonomously. In-
deed, while transcripts of Xnrs 1 and 2 are reduced in cell
dissociation experiments, transcription of Xnrs 5 and 6
were maintained cell-autonomously (Takahashi et al.,
2000). Second, Xnrs 1, 2, 4, 5, and 6 are all expressed in part
or all of endoderm and mesoderm during late blastula and
early gastrula stages (Jones et al., 1995; Joseph and Melton,
1997; Takahashi et al., 2000). This places Xnr transcripts in
the right place at the right time to encode nodal protein.
Thus, it would seem unnecessary to invoke a long-range
signaling paradigm, as nodal protein will be expressed
throughout the mesendoderm anyway. These data, coupled
with evidence of the short-range effects of Xnr2 (Jones et al.,
1996) and autoregulatory effects of nodals across species
(Hyde and Old, 2000; Osada et al., 2000; Pogoda et al., 2000;
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Saijoh et al., 2000), further argue for more local effects of
nodal signaling.
In the current study, we have used an activin/nodal-
responsive element driving reporter gene expression to
assay patterns of endogenous nodal activity in the gastrula-
stage Xenopus embryo. We have previously identified and
characterized two cis-acting elements of the gsc promoter
(Watabe et al., 1995). The distal element (DE) is both
required for endogenous gsc expression and sufficient to
confer activin responsiveness to a heterologous promoter.
The specific response of the DE to activin was used to map
endogenous activin-like activity in the embryo. This activ-
ity is uniformly distributed throughout the marginal zone
and vegetal pole in Xenopus embryos assayed at stage 10.5.
Here, we have broadened our analysis by examining endog-
enous activin-like activity over time throughout gastrula-
tion. This analysis reveals a dynamic spatiotemporal pat-
tern of DE activation that appears to move across the
embryo as gastrulation proceeds. DE activation is first
detected only in the dorsal marginal zone (DMZ) as the
dorsal lip forms, but by midgastrula stage, the ventral
marginal zone (VMZ) activity matches that of the DMZ. We
also show that endogenous activation of DE(6X)Luc re-
quires nodal signaling and that Xnrs 1, 2, 4, 5, and 6 are all
sufficient to activate the DE in animal caps. We therefore
propose that the activity of DE(6X)Luc reflects endogenous
nodal signaling in the embryo at blastula and gastrula
stages. Since nodal activity is first detected dorsally and
appears to proceed across the embryo ventrally, we consid-
ered that endogenous Xnrs might act as a localized long-
range diffusible or short-range relay signal. We blocked
endogenous nodal signaling in a region-specific manner
using a cleavage mutant version of Xnr2, and measured the
local and distant effects of this blockage in the embryo
using the DE(6X)Luc reporter. We conclude that endoge-
nous nodals exert their effects on both the DE(6X)Luc
reporter and target gene expression in a cell-autonomous
manner. Finally, we demonstrate that the dorsal initiation
of DE activity requires the function of maternal Wnt-like
signaling. Our results have led us to two conclusions. First,
endogenous Xnrs influence target gene expression over a
short range and not by long-range diffusible or relay mecha-
nisms. Second, we conclude that the dynamic spatiotempo-
ral pattern of nodal signaling in Xenopus gastrulae is
regulated in part by the dorsal localization of maternal
Wnt-like signals.
MATERIALS AND METHODS
Plasmids
DE(6X)Luc was described in Watabe et al. (1995). 357XtwnLuc
was described in Laurent et al. (1997). Plasmids used for generating
CmXnr2 and NXtcf3 mRNAs were generous gifts from C. Wright
and H. Clevers, respectively. Plasmids used for generating mRNA
for Xnrs 1 and 2 were from C. Wright, Xnr3 from W. C. Smith, Xnr4
from D. Melton, and Xnrs 5 and 6 from M. Asashima.
Embryo Manipulations
Embryo manipulations, microinjections, and luciferase assays
were performed as previously described (Watabe et al., 1995; Cho et
al., 1991). Reporter gene activity figures each represent the data
from a single representative experiment; however, each experiment
was repeated and consistent results were obtained a minimum of 3
times. Each data point within these figures reflects the average
activity of 10 individual embryos. Typically, 10 embryos were
pooled and homogenized, and the homogenate was cleared by
centrifugation. Ten microliters of the supernatant were then as-
sayed for luciferase activity. Embryos from a single batch of
fertilized eggs from a single adult female were used for each
experiment in order to minimize batch variation in levels of
reporter gene activity.
Coinjection of mRNAs with rhodamine lysinated dextran
(RLDx; Molecular Probes) was also performed as previously de-
scribed (Blitz et al., 2000). Staging was according to Nieuwkoop and
Faber (1967).
Whole-Mount in Situ Hybridization
Whole-mount in situ hybridizations were performed as described
previously (Blitz et al., 2000). Following in situ hybridization and
BM-purple staining, rhodamine fluorescence was detected by using
a Leica MZFLIII microscope fitted with a rhodamine filter set.
Images were captured with a CCD camera (SPOT; Diagnostic
Instruments). Brightfield images and rhodamine fluorescence im-
ages were merged by using Adobe Photoshop 5.0.
RT-PCR Analysis
Primers used for RT-PCR are as follows: Xnr1, Xnr2, Xnr4
primers are described in Agius et al. (2000); Xnr5 is described in
Takahashi et al. (2000); Xnr3: forward 5-ACCCGAGT-
GCAAGAAGGTGG-3, reverse 5-CTTCATGGGGACACAGGA-
GG-3; Xnr6: forward 5-TCCAGTATGATCCATCTGTTGC-3,
reverse 5-CCTCTTGTGCCTTCTGGTGCC-3. Histone H4 prim-
ers were described in Blitz and Cho (1995).
RESULTS
Activation of the DE Reflects a Wave of TGF-
Signaling Across the Embryo
Building on our previous studies of activin-like signaling
in the Xenopus embryo, we compared activin-like activity
dorsally vs ventrally over time throughout gastrulation.
Activin-like activity was detected by using a multimer of
the activin-responsive element from the gsc promoter
[DE(6X)Luc], which specifically responds to activin-like but
not BMP, FGF, or TGF- signaling (Watabe et al., 1995).
Embryos were injected with the reporter construct
DE(6X)Luc in either the C1 (prospective dorsal mesoderm)
or C4 (prospective ventral mesoderm) blastomere at the
32-cell stage and assayed for luciferase activity at different
stages throughout gastrulation. No reporter gene activity
was detected before stage 10. In contrast to our previous
observations that revealed uniform reporter gene expression
throughout the C and D tiers at stage 10.5, only C1-injected
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embryos exhibited significant levels of luciferase activity at
stage 10, with roughly a 7- to 10-fold activation relative to
C4-injected embryos (Fig. 1). At stage 10.25, reporter gene
activity increased both dorsally and ventrally, with C1–C4
activation ratio of 3:1 (data not shown). At stage 10.5,
consistent with our previous observations, DE(6X)Luc acti-
vation in C4-injected embryos is about the same as C1-
injected embryos (Fig. 1). Reporter gene expression in both
C1- and C4-injected embryos continued to increase some-
what and then plateaued at stage 11. Thus, the patterns of
endogenous DE(6X)Luc activation reflect an initial dorsal–
ventral asymmetry in activin-like activity that appears to
even out by midgastrula stage.
Xnrs 1, 2, 5, and 6 are all initially expressed in the DMZ,
and their expression spreads ventrolaterally through the
marginal zone during blastula and early gastrula stages
(Jones et al., 1995, Takahashi et al., 2000). These same
dynamics are observed in the pattern of Smad2 phosphory-
lation during blastula/gastrula stages (Faure et al., 2000; Lee
et al., 2001). These data, coupled with the fact that nodal is
required for goosecoid expression (Conlon et al., 1994;
Agius et al., 2000), suggested to us that one or more of the
Xenopus nodals may be responsible for endogenous activa-
tion of the distal element of the gsc promoter. To test this,
we asked whether Xnr function was required for the acti-
vation of DE(6X)Luc by endogenous signals. Members of the
TGF- superfamily homo- or heterodimerize in their imma-
ture precursor form. Cleavage of the amino terminus re-
leases the mature form (Vale et al., 1990). Cleavage-mutant
forms of these proteins behave as dominant-negatives by
preventing secretion and thus eliminating function of wild-
type TGF- molecules (Lopez et al., 1992). CmXnr2 mRNA,
which specifically inhibits the activity of Xnrs 1, 2, 4, 5, and
6 (Osada et al., 1999; Onuma et al., 2002), was injected
dorsally at the 4-cell stage. Subsequently, these embryos
were again injected at the 32-cell stage in the C1 blastomere
with DE(6X)Luc, allowed to develop to gastrula stages, and
assayed for luciferase activity. Reporter gene activity was
abolished in embryos injected with CmXnr2 mRNA, as
compared with embryos injected with DE(6X)Luc alone
(Fig. 2). We conclude that nodal signaling is required for
endogenous activation of DE(6X)Luc.
We next asked whether the Xnrs are sufficient to activate
the DE. Xnrs 1–6 were each coinjected with DE(6X)Luc in
the animal pole at the four-cell stage. Animal cap explants
were taken at stage 8 and allowed to develop until stage
10.5, when they were assayed for luciferase activity. All
Xnrs, except for Xnr3, activated the reporter construct (Fig.
3). As Xnr3 is structurally divergent from the other Xnrs
and does not induce mesoderm, it was not expected to
activate the DE (Smith et al., 1995). In support of our
findings, ectopic Xnr1 mRNA also stimulates the gsc re-
porter construct,226gsc/Luc, which contains the DE used
to construct DE(6X)Luc (Yamamoto et al., 2001). Together,
these data show that one or more of the Xnrs are both
required and sufficient to activate the DE, suggesting that
they are responsible for generating the endogenous pattern
of 6X(DE) activation. We conclude that one or more Xnrs
are likely responsible for activating the DE(6X)Luc reporter
FIG. 2. Nodal signaling is required for endogenous DE activation.
CmXnr2 was injected subequatorially into the two dorsal blas-
tomeres at the 4-cell stage. Then, 6X(DE)Luc was injected into the
C1 blastomere at the 32-cell stage. Data from a single representa-
tive experiment are shown.
FIG. 1. DE activation reflects a wave of activity that initiates
dorsally. Embryos were injected with the reporter construct 6X(DE)-
Luc into the C1 or C4 blastomere at the 32-cell stage and assayed
for reporter activity at indicated stages. No activity was detected
before stage 10. Data from a single representative experiment are
shown.
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construct in Xenopus gastrulae and from here on will
assume that activation of the DE by endogenous signals
reflects nodal signaling.
DE Activation Across the Embryo Occurs in a
Tissue-Autonomous Fashion
After concluding that endogenous nodal activity in Xe-
nopus gastrulae initiates dorsally and then later appears
ventrally, we next wanted to ask how the nodals might
shape the dynamic pattern of DE(6X)Luc activity in Xeno-
pus embryos. We predicted that nodals might generate this
pattern in one of three ways (Fig. 4). They could emanate
from a discrete, dorsal source as a long-range diffusible
signal (model I) or as a short-range relay signal (model II) to
activate the DE first dorsally and then across the embryo. In
support of these models, recent studies have suggested that
nodals are diffusible molecules that can signal over a
distance (Agius et al., 2000; Gritsman et al., 2000; Chen and
Schier, 2001; Meno et al., 2001). Alternatively, they could
function as a tissue-autonomous signal (model III) that is
preprogrammed to activate the DE first dorsally, then
progressively ventrally. Indeed, Xnrs 1, 2, 5, and 6 all
initiate expression dorsally but are eventually expressed
throughout the marginal zone (Jones et al., 1995; Takahashi
et al., 2000), similar to the DE(6X)Luc pattern of activation.
That these transcripts are in the right place at the right time
to code for functional Xnr proteins supports the possibility
that the wave of reporter gene activation across the embryo
might be caused by cell-autonomous nodal activity.
To distinguish among these possibilities, embryos were
injected with CmXnr2 dorsally and then assayed at stage
10.5 for DE(6X)Luc activity both dorsally and ventrally.
Although C1-injected DE(6X)Luc was suppressed by dorsal
CmXnr2, C4-injected DE(6X)Luc was unaffected (Fig. 5A).
We conclude that ventral activation of DE(6X)Luc is inde-
pendent of a nodal signal emanating from the dorsal side of
the embryo and thus favor model III. In reciprocal experi-
ments, ventrally injected CmXnr2 mRNA suppressed
DE(6X)Luc activation in VMZ explants, while DMZ
DE(6X)Luc expression was unaffected (Fig. 5B), suggesting
that the effects of CmXnr2 on endogenous nodal activity
are local.
To further confirm that nodal signaling occurs in a
tissue-autonomous fashion in Xenopus gastrulae, we iso-
lated VMZ fragments from embryos and assayed reporter
gene activity. DE(6X)Luc was injected into the C4 blas-
tomere of 32-cell-stage embryos. Embryos were allowed to
develop until late stage 7, when VMZ explants were excised
and cultured to gastrula stages. Explants and intact embryos
were harvested at stages 10 or 10.5 and assayed for lucif-
erase activity. The results are summarized in Fig. 6A. VMZ
explants retained the ability to induce luciferase activity in
the absence of the rest of the embryo during gastrula stages,
although the extent to which explants induced reporter
gene expression by stage 10.5 was less than that of intact
embryos (see Discussion). In a separate experiment, DMZ
explants were similarly assessed for their ability to induce
reporter gene expression as shown in Fig. 6B. Importantly,
dorsal–ventral differences between these tissues did not
affect absolute levels of DE(6X)Luc activation in explants.
Thus, some ability to activate DE(6X)Luc reporter gene
expression is programmed into the embryo by late stage 7
and is contained within explants. We conclude that nodal
signaling in the Xenopus gastrula-stage embryo is function-
ing in a short-range, region-autonomous fashion. Consis-
tent with this notion, Xnr1 expression is also maintained in
isolated ventral explants (Lee et al., 2001).
To more rigorously measure the range of endogenous
nodal action, we assessed the effect of CmXnr2 on the
expression patterns of known targets of nodal signaling.
Since CmXnr2 prevents the secretion of endogenous wild-
type nodals from cells that inherit microinjected cleavage-
mutant mRNA, it removes nodal signal in a cell-
autonomous fashion. Thus, the only potential source of
nodal signal for these compromised cells would come from
surrounding wild-type tissue that did not inherit CmXnr2
mRNA. These mosaic embryos allowed us to ask whether
endogenous nodal signals from nearby wild-type cells could
act at a distance to rescue nodal target gene expression in a
patch of cleavage-mutant injected cells. We coinjected
CmXnr2 mRNA together with rhodamine dextran into a
single blastomere in each of the B and C tiers at the 32-cell
stage, allowed the embryos to develop, fixed them at early
FIG. 3. Ectopic Xnr expression activates 6X(DE)Luc in animal
caps. Xnr mRNAs and 6X(DE)Luc reporter were injected into the
animal pole of all cells at the four-cell stage (total amount of
mRNA per embryo is indicated). Caps were isolated at stage 8 and
allowed to develop until intact sibling stage 10.5, when they were
harvested and assayed for luciferase activity. Relative activities
cannot be compared as the different Xnrs are in different parent
plasmids.
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gastrula stages, and performed whole-mount in situ hybrid-
ization analysis using probes for Xgsc and Xbra. Again, we
hypothesized that three outcomes were possible. First, if
endogenous nodals behave as long-range diffusible mol-
ecules, we expected that Xgsc and Xbra expression patterns
in CmXnr2-positive cells (identified by rhodamine fluores-
cence) would be normal or largely normal, as nodal signal
from surrounding wild-type cells would rescue target gene
expression. In this case, we would expect to see complete or
significant overlap of Xgsc- or Xbra-expressing cells (purple)
and cells that lack the ability to secrete nodals (red).
Alternatively, if endogenous nodals behave as short-range
diffusible molecules, we expected that there would be a
small region of overlap between these two regions, as nodal
signal from wild-type cells would diffuse a short distance to
rescue some, but not all CmXnr-positive cells. Lastly, if
endogenous nodals behave in a cell-autonomous fashion,
we predicted that the CmXnr2-positive cells (red) and the
Xgsc- or Xbra-expressing cells (purple) would be mutually
exclusive, as no diffusion of wild-type nodals would rescue
CmXnr2-positive cells. Comparing bright field and fluores-
cent images of these embryos demonstrates that, consistent
with the last of these possible outcomes, the populations of
cells that inherited CmXnr2 and expressed either Xgsc or
Xbra were typically mutually exclusive (Fig. 7). Cells that
inherited CmXnr2, as evidenced by their fluorescence, are
immediately adjacent to wild-type cells, but do not them-
selves express Xbra or Xgsc. This effect was seen in Xbra-
stained embryos that were injected with CmXnr2 mRNA
dorsally, laterally, and ventrally (data not shown), indicat-
ing that nodals signal cell-autonomously throughout the
marginal zone. Thus, endogenous levels of nodal activity in
wild-type cells are unable to rescue nodal target gene
expression in nearby nodal-deficient cells. To demonstrate
that CmXnr2-expressing cells are in fact receptive to nodal
signals, we coinjected CmXnr2 and Xnr1 mRNAs into the
C1 blastomere of 32-cell-stage embryos. Xgsc expression
was rescued in these embryos (Figs. 7s–7x), demonstrating
that CmXnr2-positive cells retain the ability to respond to
a nodal signal. Additionally, axis formation (assayed at
tadpole stages) in embryos that were injected into the C1
blastomere with CmXnr2 and Xnr1 mRNAs was rescued
compared with those injected with CmXnr2 mRNA only,
as expected (data not shown) (Osada and Wright, 1999). The
expression of CmXnr2 mRNA did not cause a general toxic
effect, as the expression of Xnr3, a target of Wnt-like
signaling, persisted in CmXnr2-positive cells (Figs. 7z–7bb).
Endogenous expression of both Xvent2 and Xsizzled was
locally suppressed in CmXnr2-positive cells (data not
shown).
It should be noted that, in some cases (Figs. 7r and 7u,
arrowheads), cells at the periphery of the injected clone of
cells appeared to express Xbra or Xgsc transcripts and
contain rhodamine dextran. If endogenous nodals normally
diffuse over short ranges, we would expect a fairly consis-
tent pattern of overlap of a few cell diameters between
Xgsc- or Xbra-expressing cells and rhodamine-labeled cells,
as nodal protein from normal cells diffused to adjacent
cleavage-mutant-expressing cells. Instead, we sporadically
find cells at the periphery of the rhodamine-labeled clones
that express Xbra or Xgsc (Figs. 7r and 7u). We feel that the
random appearance of these cells suggests that they occur
as a result of technical issues (i.e., cells at the periphery of
the clone may inherit a lower dose of CmXnr2 mRNA)
rather than rescue by endogenous short-range nodal signal-
ing. However, we cannot formally exclude the possibility
that these cells were rescued by endogenous short-range
nodal signals.
Maternal Wnt-Like Signals Regulate the
Spatiotemporal Pattern of Nodal Activity
in the Embryo
We next turned our attention to the spatiotemporal
pattern of endogenous nodal activity. Specifically, we
wanted to understand why dorsal initiation of DE(6X)Luc
expression normally precedes ventral activation. Since DE
activation begins dorsally, we hypothesized that, if the
embryo were completely ventralized, the pattern of DE
activation might be altered. The maternal Wnt signaling
pathway normally specifies “dorsal” in the embryo. Acti-
vation by this pathway is mediated in part by a transcrip-
tional complex including -catenin and Xtcf3. A dominant-
negative form of Xtcf3, NXtcf3, lacks the -catenin-
binding domain and blocks Wnt signaling (Molenaar et al.,
1996). Dorsal injection of NXtcf3 efficiently ventralizes
FIG. 4. Possible mechanisms of 6X(DE)Luc activation.
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Xenopus embryos (Molenaar et al., 1996). We injected
embryos dorsally with NXtcf3 and compared the spatial–
temporal profile of DE(6X)Luc activation in these compared
with wild-type embryos. We find that dorsal onset of
DE(6X)Luc activation occurred later in embryos injected
with NXtcf3 relative to wild-type embryos. However,
activation in both C1- and C4-injected embryos was other-
wise unaffected (Fig. 8). Thus, wild-type embryos exhibit a
dorsal–ventral asymmetry in their spatial and temporal
pattern of DE(6X)Luc activation, whereas in the absence of
dorsal Wnt signaling, the onset of nodal activation is
delayed and the spatial pattern of activation appears to be
symmetric. We conclude that maternal Wnt signaling dic-
tates the dorsal onset of nodal signaling in the embryo and
is thus required for its spatial and temporal pattern of
activity.
Since nodal signaling is required for the endogenous
activation of DE(6X)Luc, we expected that maternal Wnt
signaling should similarly regulate the temporal pattern of
one or more endogenous Xnr transcripts in vivo. Indeed,
Agius et al. (2000) showed that expression of Xnr1 is
delayed in onset but otherwise unaffected in NXtcf3-
ventralized embryos. We assayed transcript levels of all of
the known Xnrs to date, Xnrs 1–6, by RT-PCR analysis in
NXtcf3-ventralized embryos. As shown in Fig. 9, overall
levels of Xnr transcripts were affected by the loss of dorsal
Wnt-like signaling, but these effects fell into two catego-
ries. In the first group, Xnrs 3, 5, and 6 were significantly
suppressed throughout gastrulation in NXtcf3-injected
embryos, suggesting that they require endogenous Wnt-like
signals for their expression (Fig. 9). Expression of Xnrs 1, 2,
and 4, however, appears to be partially independent of
-catenin-mediated signaling. In wild-type embryos, tran-
scripts of Xnrs 1 and 2 were detected by stage 9. However,
in NXtcf3-injected embryos, these same transcripts are
not detectable by RT-PCR until stage 9.5. Transcripts of
Xnr4 may also be delayed slightly in onset of expression,
although to a lesser extent. Rex et al. (2002) recently
showed that NXtcf3-injected embryos were significantly
reduced in their expression of Xnr 3, 5, and 6 transcripts,
while Xnrs 1, 2, and 4 persisted. Our data both confirm and
extend this conclusion by further demonstrating that Xnrs
1, 2, and possibly 4 are delayed in their time of onset by loss
of maternal Wnt-like signaling. Thus, while their spatial
and/or temporal patterns are altered, both nodal expression
and activation of DE(6X)Luc persist in the absence of
maternal Wnt-signaling. We propose that dorsal localiza-
tion of maternal -catenin in the Xenopus embryo leads to
dorsal onset of nodal signaling, generating a dorsal–ventral
asymmetry in nodal signaling that would otherwise arise
symmetrically across the vegetal pole (Fig. 10).
FIG. 5. Blockage of endogenous nodal signaling has local effects.
CmXnr2 mRNA was injected subequatorially into the two dorsal
(A) or ventral (B) blastomeres at the 4-cell stage, and 6X(DE)Luc was
then injected into the C1 or C4 blastomeres at the 32-cell stage.
Embryos were harvested at stage 10.5 and luciferase activity was
assayed. In each case, data from a single representative experiment
are shown.
FIG. 6. DE activation occurs tissue-autonomously. (A) 6X(DE)Luc
was injected at the 32-cell stage into the C4 blastomere and VMZ
explants were harvested at late stage 7. Intact embryos or VMZ
explants were harvested at intact sibling stage 10 or 10.5, and
luciferase activity was assayed. Remains of the embryos from
which VMZ tissue was taken were assayed and were devoid of
reporter activity (data not shown). (B) Similar to (A), 6X(DE)Luc was
injected into the C1 blastomere and DMZ explants were assessed
for luciferase activity. In each case, data from a single representa-
tive experiment are shown.
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DISCUSSION
We have built upon previous data from our lab describing
the endogenous pattern of activin-like signaling in the
gastrula embryo using the activin response element (DE) of
the goosecoid promoter. Watabe et al. (1995) mapped a
uniformly distributed activin-like activity across the entire
vegetal half of the embryo at midgastrula stage. In the
current study, we observe the pattern of endogenous acti-
vation of the DE over time and find a more dynamic pattern
than previously described, in which DE(6X)Luc activation
initiates dorsally at early stage 10, but by stage 10.5, the
dorsal and VMZ are equally active. Thus, an initially
asymmetric pattern of nodal activity across the dorsoven-
tral axis of the mesendoderm gradually becomes uniformly
distributed.
Xenopus Nodals Signal in a Cell-Autonomous
Fashion
In our original study, DE(6X)Luc responded to ectopic
mesoderm-inducing TGF- molecules activin and BVg1.
FIG. 7. Nodal signals are cell-autonomous in Xenopus gastrulae. CmXnr2 mRNA, together with rhodamine dextran, was injected into a
single cell in each of the B and C tiers at the 32-cell stage (300 pg per blastomere). Embryos were allowed to develop to gastrula stages, fixed,
and analyzed by whole-mount in situ hybridization for Xgsc (a–c and m–o) or Xbra (g–i, p–r) expression. Control embryos were injected with
rhodamine dextran only (d–f and j–l). All embryos injected with CmXnr2 mRNA disrupted either Xbra (n 100) or Xgsc (n 50) expression.
Injection into a single cell in the C tier at the 32-cell stage with CmXnr2 (300 pg per blastomere) and Xnr1 (300 pg per blastomere) mRNAs
(v–x) rescued Xgsc expression compared with embryos injected in the same experiment with only CmXnr2 mRNA (s–u). Rescue occurred
in 7 of 9 embryos in which the normal Xgsc expression domain overlapped with the rhodamine dextran-labeled clone of cells. Arrowhead
indicates disruption of dorsal lip formation, indicating that dorsal lip formation is perturbed by inheritance of CmXnr2 mRNA, although
Xgsc expression is restored. Endogenous Xnr3 expression persisted in CmXnr2-positive cells in 8 of 9 embryos in which the normal Xnr3
expression domain overlapped with the rhodamine dextran-labeled clone of cells (z–bb).
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However, in recent years, the nodals have emerged as the
more likely endogenous activin-like mesoderm-inducing
factors. In support of this notion, we show here that the
mesoderm-inducing Xnrs are able to activate the DE(6X)Luc
construct in animal cap assays and, more importantly, are
required for endogenous activation of the reporter construct
DE(6X)Luc in the vegetal half of the embryo. As the
expression patterns of several Xnrs, phosphorylation of
Smad2, and activation of DE(6X)Luc all initiate dorsally and
then appear to progress ventrolaterally across the embryo,
and CmXnr2 eliminates endogenous DE activation, we
propose that the activity of DE(6X)Luc reflects endogenous
nodal signaling in the embryo at blastula and gastrula
stages. Identification of the contributions of individual Xnrs
to this process will require further investigation.
We proposed three possible models to explain the dy-
namic pattern of DE(6X)Luc activation observed in the
Xenopus gastrula (Fig. 4). In order to distinguish among
FIG. 7—Continued
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these models, we have manipulated endogenous nodal and
Wnt-like signaling and evaluated the impact of these
changes on the endogenous activation of the reporter con-
struct DE(6X)Luc. We determined that disruption of nodal
signaling eliminates DE activation in a region-autonomous
manner, suggesting that nodal signals function at short-
range in gastrula-stage embryos (Fig. 5). Dorsal injection of
CmXnr2 mRNA suppressed endogenous activation of
DE(6X)Luc dorsally, but ventral reporter gene expression
was unaffected. Similarly, ventral injection of CmXnr2
mRNA suppressed ventral, but not dorsal activation of
DE(6X)Luc by endogenous signals. If a dorsal source of
nodal was functioning as a long-range, diffusible signal, as
in Model I of Fig. 4, dorsal injection of CmXnr2 should
prevent secretion of the dorsal nodal source, and therefore
block both dorsal and ventral activation of DE(6X)Luc by
endogenous signals. We observe that ventral DE(6X)Luc
activity is impervious to dorsal expression of CmXnr2, and
thus do not favor Model I. Similarly, if a dorsal nodal signal
were required to initiate a relay system of short-range nodal
signals (Model II), dorsal expression of CmXnr2 would
prevent initiation of the relay system since wild-type nodal
would not be secreted. Again, we would expect to see
ventral DE(6X)Luc suppressed, and again, this proposed
model does not fit with our data. Thus, ventral activation of
DE(6X)Luc is not dependent on the activity of a dorsal
source of Xnrs.
Model III [region-autonomous activation of DE(6X)Luc]
accounts for the observation that ventral DE activation is
independent of diffusion or relay of nodal activity from the
dorsal side of the embryo (Fig. 5). Tissue-autonomous
activation of DE(6X)Luc in VMZ explants cultured in iso-
lation further supports this model (Fig. 6). The fact that
endogenous Xnr1 expression and Smad2 phosphorylation
FIG. 8. NXtcf3 disturbs the initial dorsal–ventral pattern, but
not the final level of DE activation. A total of 1 ng of NXtcf3
mRNA was injected subequatorially into the two dorsal blas-
tomeres at the 4-cell stage, then the C1 or C4 blastomere was
injected at the 32-cell stage. Embryos were harvested at the
indicated stages and assayed for luciferase activity. To assess
NXtcf3 mRNA efficacy, activation of –357XtwnLuc (a known
target of -catenin-mediated Wnt signaling; Laurent et al., 1997)
was assayed and was suppressed to background levels in NXtcf3
injected relative to uninjected embryos (data not shown). The data
from a single representative experiment are shown.
FIG. 9. Transcripts of endogenous Xnr 1, 2, and 4 mRNA expres-
sion persist in the absence of dorsal -catenin-mediated signaling.
A total of 1 ng of NXtcf3 mRNA was injected subequatorially into
the two dorsal blastomeres at the four-cell stage. Embryos were
harvested at the indicated stages and total RNA was collected for
RT-PCR analysis. NXtcf3-injected embryos that were allowed to
develop to uninjected sibling late tailbud stages were completely
ventralized according to the standard dorsoanterior index scale
(Kao and Elinson, 1988). DAI  0, 1, or 2 for 24/25 NXtcf3
mRNA-injected embryos.
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are similarly maintained in isolated ventral explants further
supports our conclusion (Lee et al., 2001). We conclude that
Xnrs behave in a local, tissue-autonomous fashion during
gastrulation stages.
The inability of endogenous nodals to rescue target gene
expression in adjacent cells, which themselves are compro-
mised in their ability to produce functional Xnrs, suggests
that Xnrs normally function cell-autonomously, at least in
the context of mesoderm induction and patterning in Xe-
nopus. This is in contrast to several other recent reports
which suggest that nodals may function as at least short-
range diffusible molecules across many cell diameters
(Chen and Schier, 2001; Meno et al., 2001; Niederlander et
al., 2001). However, these studies were done either in
mutant backgrounds or by overexpression of Xnr1 mRNAs
and thus may not necessarily reflect normal activity. On
the other hand, some evidence suggests that nodals may
signal across at least a few cells diameters in a wild-type
context (Gritsman et al., 2000; Meno et al., 2001). Wild-
type expression of the zebrafish nodal-related genes Cyclops
(cyc) and Squint (sqt) is restricted to tiers 1 and 2 of the
blastoderm margin at dome stage, while target genes float-
ing head (flh) and gsc are expressed in tiers 1–6 and 1–5,
respectively (Gritsman et al., 2000). Target gene expression
also extends beyond a local nodal source in mouse lateral
plate mesoderm. At the five-somite stage, both Nodal and
its target gene Pitx2 are coexpressed in the posterior end of
the left lateral plate mesoderm; however, Pitx2 expression
extends to the midline, while Nodal expression does not
(Meno et al., 2001). While all of these data refute the notion
that nodals behave as very long-range diffusible molecules,
further studies are required in order to better understand
the differences in the apparent range of nodal activity in
different contexts.
Two other recent studies also reveal a dynamic dorsal–
ventral pattern of activin-like activity in Xenopus gastrulae.
The distribution of endogenous phosphorylated Smad2, an
intracellular mediator of nodal signaling, was examined by
using anti-phosphoSmad2 immunohistochemical (Lee et
al., 2001) or immunofluorescence (Schohl and Fagotto,
2002) techniques. In both cases, a dorsal–vegetal accumu-
lation of phosphorylated Smad2 was observed starting at
stage 9–9.5, which then expanded across the vegetal half of
the embryo until it was uniformly distributed. Dorsal
accumulation of phosphorylated Smad2 began just prior to
DE activation. However, in both reports, attenuation of
Smad2 phosphorylation occurred after stage 10.5, so that by
late gastrula stages, the presence of phosphoSmad2 was no
longer detected. We see no evidence of DE(6X)Luc attenu-
ation through stage 12. This is likely due to tighter cellular
regulation of endogenous phosphoSmad2 relative to exog-
enous luciferase protein. Nonetheless, that ventral activa-
tion of DE(6X)Luc “catches up” to dorsal levels and that
dorsal and ventral reporter gene expression both ultimately
plateau is consistent with an endogenous attenuation of
DE(6X)Luc activity.
The Spatial and Temporal Pattern of Nodal
Activity Is Regulated by -Catenin
While we and others have found that the pattern of
endogenous nodal signaling is regulated by maternal Wnt-
like signals, the mechanism by which this is accomplished
is somewhat unclear. Lee et al. (2001) reported that
-catenin accelerated the onset of Smad2 phosphorylation,
presumably mediated by endogenous nodals, although it did
not increase the amount of Smad2 phosphorylation induced
by VegT in animal caps. Based on these findings, they
proposed a model for embryonic dorsoventral patterning in
which -catenin cooperates with VegT to dorsally acceler-
ate the timing of onset of nodal signaling. In this model,
cells that receive nodal signal early become dorsal, while
cells that receive it later become ventral.
An alternative model was proposed in which the presence
of -catenin leads specifically to the accumulation of a
greater amount of nodal signaling on the dorsal side of the
embryo, generating a sustained gradient of nodal activity
across the embryo (Agius et al., 2000). In this model, high
doses of nodal on the dorsal side of the embryo would
specify a dorsal fate, while lower doses specify ventral fates
(Agius et al., 2000). This conclusion is based in part on
evidence that ectopic VegT and -catenin together induce a
greater total number of Xnr1 transcripts in animal caps than
either VegT or -catenin alone (Agius et al., 2000). This
model is attractive in that it is consistent with the long-
held notion that mesoderm-inducing factors act in a dose-
dependent fashion.
However, it is not clear to us that an enduring dorsal
accumulation of nodal activity actually exists in vivo as the
model predicts. Our current results favor the model pro-
posed by Lee et al. (2001) in which dorsoventral patterning
in the embryo occurs as a result of the spatiotemporal
FIG. 10. Zygotic pattern of nodal signaling.
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pattern of nodal signaling. First, while the number of Xnr
transcripts produced can be increased by the activity of
exogenous -catenin (Agius et al., 2000), the extent of
endogenous Smad 2 phosphorylation remains unaffected
(Lee et al., 2001). This suggests that the magnitude of
intracellular signaling is unaffected irrespective of the
amount of ligand produced. Second, endogenous -catenin-
mediated signals are not required to produce wild-type
levels of Xnrs 1, 2, and 4 transcripts (Fig. 9; Agius et al.,
2000; Rex et al., 2002). Lastly, the magnitude of endogenous
DE(6X)Luc activation in the embryo is unaffected by the
loss of maternal Wnt-like signaling (Fig. 8). The activity of
-catenin is required, however, to establish normal timing
of onset of nodal expression (Fig. 9), phosphorylation of
Smad 2 (Lee et al., 2001), and activation of a nodal respon-
sive promoter element (DE) (Fig. 8).
Taken together, these data suggest that a cell-
autonomous cue uniformly present across the vegetal half
of the embryo, presumably provided by VegT, overlaps with
a dorsal, maternal Wnt-like cue. Together, they generate a
dynamic spatial and temporal pattern of cell-autonomous
or short-range nodal activity across the mesendoderm of the
Xenopus gastrula (Fig. 10). This model supports and adds a
temporal component to previous models that attributed
mesodermal patterning in the Xenopus embryo in part to a
dorsal–vegetal overlap in Wnt-like and TGF- signaling
pathways. (Kimelman et al., 1992; Watabe et al., 1995;
Laurent et al., 1997; Crease et al., 1998; Nishita et al.,
2000). How individual cells interpret the timing of nodal
signals in order to specify cell fate, and how this mecha-
nism fits with data from tissue-recombinant experiments
which first led to the notion of the existence of a
mesoderm-inducing factor, are issues that remain to be
resolved in the future.
In light of our data supporting local action of nodal
signals, we suggest that perhaps mesoderm is not induced
but arises from a preprogrammed sequence of events. We do
not, however, exclude the possibility that another uniden-
tified cue is normally provided from outside the marginal
zone. This is because we find that isolated explants autono-
mously induced DE(6X)Luc activation, but to a lesser de-
gree than intact embryos, suggesting that at least a compo-
nent of the endogenous DE activating signal is
compromised in isolated explants. This could be due to the
absence of a signal normally provided by the vegetal pole,
which was unavailable to isolated explants. In support of
this notion, we note that expression of the homeobox-
containing gene Xsia is unaffected by overexpression of
nodal inhibitors (Osada and Wright, 1999; Agius et al.,
2000). Xsia and the related gene, Xtwn, are expressed in the
DMZ of Xenopus blastulae and early gastrulae. Xsia expres-
sion requires the function of Smad4, and Xtwn expression
requires Smad2 activity, which implies a requirement for
activin/nodal-like signaling (Nishita et al., 2000). Inhibition
of endogenous nodal signaling suppresses other markers for
endoderm and mesoderm, suggesting a requirement for
nodals, but does not suppress expression of Xsia. Therefore,
if an activin/nodal-like signal is required for Xsia/Xtwn
expression, but nodal is not, perhaps another TGF--like
factor is present and necessary.
With respect to our use of CmXnr2 to inhibit endogenous
nodal signaling, a somewhat contradictory report emerged
as our paper was in the review process. We find at single cell
resolution (Fig. 7o) that the effects of injected CmXnr2
mRNA (1 ng) do not extend beyond the clone of cells that
inherit it. Eimon and Harland (2002) confirm the ability of
CmXnr2 to inhibit Xbra expression in the clone of cells that
inherit injected CmXnr2 mRNA (2 ng) (Fig. 3C, Eimon and
Harland, 2002). However, in addition to this local inhibi-
tion of Xbra expression, they observe that the injection of
CmXnr2 mRNA into the marginal zone also resulted in a
substantial expansion of the endogenous Xbra expression
pattern as assayed by in situ hybridization analysis (Fig. 3C,
Eimon and Harland, 2002). They conclude that CmXnr2 is
secreted and retains some signaling activity. We do not
observe an expansion of Xbra expression in CmXnr2
mRNA-injected embryos. Consistent with our results that
CmXnr2 inhibits wild-type nodal activity, CmXnr2 mRNA
blocks both elongation of animal caps and expression of
Xbra in animal caps induced by Xnr2 and Xnr4 (Osada and
Wright, 1999). Further, Cm-nodal lacks the ability to acti-
vate Smad2 phosphorylation in Xenopus animal cap assays
(Yeo and Whitman, 2001). Further studies will be required
to resolve discrepancies between our data and that of Eimon
and Harland (2002).
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